Methanol is an important industrial material for the production of medicines, fuels, and resins. Methanol is generally synthesized under catalyst by reacting CO and H2 through steam reforming of methane. This process is, however, energy consuming. Hence, a direct methanol synthesis method, which is less energy consuming, should be developed. The authors conducted flow-type partial oxidation of methane using the Fenton reaction under hydrothermal conditions for the direct synthesis of methanol from methane. Parameter variation included reaction temperatures of 100-250 °C, reaction times of 2-31 s, and initial H2O2/CH4 molar flow rate ratios of 0.5-2.0. The methane conversion using the Fenton reaction was higher than that of the catalyst-free conversion at temperatures of less than 200 °C. The methane conversion reached the highest value of 6.04% at T = 200 °C, τ = 31 s, and H2O2/ CH4 = 2.0. Hence, it can be concluded that the Fenton reaction prompted the formation of hydroxyl radicals, reactive species. However, the methane conversion by the Fenton reaction decreased rapidly at T = 250 °C, resulting in a lower conversion value than that of the catalyst-free reaction. 
Introduction
Methanol is an important industrial material for the production of medicines, fuels, and resins. It is generally synthesized using catalysts by reacting CO and H2 through steam reforming of methane. This process, however, requires multistep reactions and high temperatures, resulting in large energy consumption 1) . Therefore, lessenergy-consuming processes such as direct methanol production through partial oxidation of methane is a promising technology 2) .
Recently, resea rchers applied hydrotherma l oxidation methods to the partial oxidation of methane 3) ～ 7)
.
For example, Savage et al. 4) examined a batch-type hydrothermal oxidation of methane. They used O2 as an oxidant and conducted the reaction between 349 and 448 °C for 180-540 s. They achieved methane conversion rates of 0.01-6.0%, where methanol yields ranged from 0.01% to 0.69%. In addition, Sato et al. 5) examined a flow-type hydrothermal oxidation of methane. They used H2O2 as an oxidant and conducted the reaction at 400 °C for 29-109 s.
This group achieved methane conversion rates of 0.51% to 3.30%, where the methanol yields ranged from 0.17% to 0.75%.
Other researchers have applied the Fenton reaction for methane oxidation 2) 8) ～ 11) . Eqs. (1) and (2) 
The Fenton reaction generates hydroxyl radicals, the strongest oxidant of all reactive oxygen species; copper ions are the catalyst and H2O2 is a reactant in this reaction. Wei et al. 11) applied the Fenton reaction for methane oxidation using a bubble tower reaction apparatus at room At the reactor outlet, the effluent was cooled down with a water-cooled double-pipe heat exchanger. The reaction pressure was controlled using a back pressure regulator (TESCOM). The effluent was separated into gas and liquid streams in a separator. The gas flow rate was measured by collecting the effluent gas with a gas sampling pack at a fixed time.
Analytical Chemistry
Hydrogen, oxygen, methane, and CO were analyzed with a GC-TCD (GC-8A Shimadzu, column: Molecular Sieve, carrier gas: helium). CO2 was analyzed using a GC-TCD (GC-8A Shimadzu, column: Porapack Q, carrier gas: helium).
The total organic carbon contents (TOC) were analyzed with a TOC analyzer (TOC-VCPH Shimadzu).
The methanol product was analyzed with a GC-FID (GC-14B Shimadzu, column: TC-BOND Q, carrier gas: helium).
Formic acid was analyzed using an anion chromatograph (nonsuppresser, column: IC NI-424, detector: CD20 DIONEX). The Cu 2+ concentration of the effluent liquid was analyzed using UV-vis spectrometry (UV-1850 Shimadzu).
In addition, it was assumed that the components of the effluent liquid were methanol, formaldehyde, and formic acid, which are the products of partial oxidation of methane.
Therefore, the formaldehyde yield was calculated as follows:
-formic acid yield (%).
Experimental Conditions.
Parameter variations included reaction temperatures of 100-250 °C, reaction times of 2-31 s, and initial H2O2/ CH4 molar flow rate ratios of 0.5-2.0. We fixed the reaction pressure to 25 MPa, inlet methane concentration to 1.0 wt% and CuSO4/CH4 molar flow rate ratio to 0.01.
The reaction times τ were varied by arranging the length of the reactor and flow rate of the pumps. The reaction times were defined as:
where VR is the volume of reactor (cm The following equations define the methane conversion, product yield, product selectivity, and carbon balance: Hydroxyl radicals, the reactive species of our study, may be formed in the aqueous phase. Hydroxyl radicals are unstable with a life span of less than 1 ms. This indicates that hydroxyl radicals do not transfer to the gas phase and oxidize gaseous methane. Therefore, it can be assumed that methane dissolved in the aqueous phase of the gas-liquid multiphase is mainly oxidized by hydroxyl radicals. This implies that the methane concentration associated with the
GH2O2aq. ρw
GCuSO4aq. ρw
Yield, Yi (%) = × 100 Fi reaction is the concentration in the aqueous phase, which is near the saturation solubility under the given conditions.
3.2 Products of hydrothermal partial oxidation of methane using the Fenton reaction. The methane conversion rate ranged from 0.08% to 6.04% and the methanol yield ranged from 0.01% to 0.20%. The carbon balance was between 81.8% and 119.5%. The major reaction products were methanol, formaldehyde, formic acid, and CO2; CO and hydrogen by-products were negligible in all experiments.
Most researchers
3) ～ 7) examined catalyst-free hydrothermal oxidation of methane. In these studies, formic acid has never been detected as a product. On the other hand, experiments of methane oxidation using the Fenton reaction 2) 8) ～ 11) detected formic acid as a product.
Besides, Hammond et al. 2) proposed a reaction model, in which hydroxyl radicals oxidized methane, resulting in the formation of formic acid. This suggests that methane oxidation by the Fenton reaction and hydroxyl radicals generates formic acid. In this work, the formation of formic acid was confirmed. Thus, it can be concluded that hydroxyl radicals contributed to methane oxidation through the Fenton reaction, so that methane traced different reaction passes from catalyst-free hydrothermal oxidation.
Difference of methane conversion between
catalyst-free and Fenton reactions. Fig. 3 shows the dependence of the methane conversion on reaction temperatures when using a catalystfree or the Fenton reaction. The results of the catalyst-free experiment, where no CuSO4 aq. was supplied, are acquired CH4 + OH → CH3·+ H2O
In this present work, Eq. (9) is regarded as the initial reaction. Thus, lower amounts of hydroxyl radicals could lead to lower methane conversion rates. In addition, formic acid selectivity, as displayed in Table 1 , shows lower values at T = 250 °C. As stated above, hydroxyl radicals oxidize methane, which results in the formation of formic acid.
This means that lower formic acid selectivity at T = 250 °C implies lower amounts of hydroxyl radicals. Therefore, we concluded that hydroxyl radical concentration decreased at higher temperatures, decreasing the methane conversion.
Furthermore, two factors that reduce hydroxyl radicals at higher temperatures should be noted. First, the suppression of the Fenton reaction caused by the loss of copper ions occurs. Generally, heating of CuSO4 aq. solutions generates Cu(OH)2 through hydrolysis. More heating then generates CuO through a dehydrated condensation reaction.
We confirmed such phenomena by measuring both inlet and outlet Cu 2+ concentrations in the reactor. 
Conclusion
This study examined the flow-type hydrothermal partial oxidation of methane using the Fenton reaction.
The parameter variation for this study included reaction temperatures of 100-250 °C, reaction times of 2-31 s, and initial H2O2/CH4 molar flow rate ratios of 0.5-2.0. As a result, methane conversion rates ranged from 0.08% to 6.04%
and methanol yields ranged from 0.01% to 0.20%.
Methane conversions using the Fenton reaction
surpassed the values of catalyst-free reactions at temperatures of less than 200 °C. This is probably because the Fenton reaction increased the amount of formed hydroxyl radicals. However, the methane conversion rate decreased rapidly at 250 °C, resulting in a lower value than that achieved with the catalyst-free reaction. Two factors may be responsible for this behavior. First, the suppression of the Fenton reaction by the loss of copper ions with Fig. 7 Effect of reaction temperature and H2O2/CH4 for CH3OH yield increasing temperature, and second, the capturing of hydroxyl radicals by increasingly formed CuO.
